It is well recognized that oligosaccharides have a variety of biologically important roles both as free carbohydrates and as constituents of glycoconjugates. In plants, free oligosaccharides play important roles in carbon fluxes within the cells and as regulators. [1] [2] [3] Oligosaccharides covalently bound to proteins also influence protein stability, folding and several biological functions of glycoprotein itself. [4] [5] [6] An intercellular recognition by protein may be affected by the structure and nature of the oligosaccharides.
Oligosaccharides covalently bound to proteins also influence protein stability, folding and several biological functions of glycoprotein itself. [4] [5] [6] An intercellular recognition by protein may be affected by the structure and nature of the oligosaccharides. 7 Thus the chracterization of complex oligosaccharides obtained from a variety of biological media has become of increased importance and has been conducted using a variety of analytical techniques.
Mass spectrometry has been recognized to be a highly useful technique for obtaining molecular weights of a variety of oligosaccharides and glycoconjugates. Especially, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) has been used for the molecular weight determination of compounds having high molecular weight such as oligosacchrides, proteins and synthetic polymers. [8] [9] [10] [11] [12] Unfortunately, due to the low proton affinity of oligosaccharides, the sensitivity and the detectable mass range of oligosaccharides, especially neutral oligosaccharides, are low and narrow compared with those of proteins. Thus in order to improve the sensitivity and the detectable mass range of oligosaccharides, several methods such as permethylation, peracetylation and reductive amination have been introduced. [13] [14] [15] [16] But in the analyses of derivatized oligosaccharides by these methods some purification procedures such as solvent extraction and chromatographic separation are necessary. These procedures are sometimes laborious and can be severely problematic, especially when only a small amount of the sample is available. The reductive amination method, forming a covalent bond with a variety of ligands containing nitrogen atom, will not be applicable to the oligosaccharides without a free hydroxy group at the glycosyl donor site (anomeric carbon) as in cyclodextrins.
Thus for the convenient and highly sensitive detection of a variety of oligosaccharides including oligosaccharides without a free hydroxy group at the glycosyl donor site, we have developed a new persuccination method. We chose α-cyclodextrin, β-cyclodextrin, γ-cyclodextrin and maltoheptaose as model oligosaccharides ( Fig. 1) and prepared the persuccinated oligosaccharide by the reaction of each oligosaccharide with succinic anhydride, which were analyzed by MALDI-TOF MS.
Experimental

Reagents
Dimethyl formamide and pyridine were used after purification by the standard methods. 17 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was used for the mass determination of the persuccinated derivatives of neutral oligosaccharides. The persuccinated oligosaccharides were derivatized by reacting neutral oligosaccharides with succinic anhydride in pyridine. The analytes were detected mainly as (M+Na) + ions with 100 fmol sensitivity. This method is 10 5 times more sensitive than the direct detection of underivatized oligosaccharides. This new persuccination method can be applied not only to linear oligosaccharides but also to cyclic oligosaccharides which do not have a free hydroxy group at the anomeric site like cyclodextrins. No inorganic reagent is used and no solvent extraction or purification procedure is necessary. So this method is very convenient and efficient for the highly sensitive detection of a variety of oligosaccharides.
Keywords Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, oligosaccharide, persuccination, succinic anhydride pressure. Pyridine was distilled after refluxing with potassium hydroxide pellets. Succinic anhydride, N,Ndimethylaminopyridine, α-cyclodextrin, β -cyclodextrin, γ-cyclodextrin, maltoheptaose and 2,5-dihydroxybenzoic acid were purchased from Sigma Co.
Derivatization with succinic anhydride Maltoheptaose (1.15 mg, 1 µmol) and succinic anhydride (46 mg, 0.46 mmol, 20 eq.) were dissolved in dry pyridine (0.5 ml). N,N-Dimethylaminopyridine (0.6 mg, 5 µmol) was added to the solution and the reaction mixture was stirred at 80 -100˚C for 18 h. α-Cyclodextrin, β -cyclodextrin, γ -cyclodextrin and maltoheptaose were also derivatized in one tube to their persuccinates by the same method, except for a longer reaction time (about 24 h).
Preparation of sample
A portion of the reaction mixture (5 µl) was taken up and pyridine was removed under high vacuum. The residual analyte was dissolved in distilled water (100 µl). One microliter of the aqueous solution was taken up and diluted with water/ethanol (4 µl/3 µl). To this analyte solution 2 µl of the separately prepared matrix solution was added. The matrix solution was prepared by dissolving 10 mg of 2,5-dihydroxybenzoic acid in water/ethanol (50 µl/50 µl). The analyte matrix mixture (0.1 µl) was loaded on a stainless-steel probe and the solvent was evaporated under reduced pressure.
MALDI-TOF mass spectrometer
All MALDI-TOF mass spectrometry experiments were conducted using a Kompact MALDI II mass spectrometer (Kratos Company, Manchester, UK). The spectrometer consisted of a nitrogen laser with 5 ns pulse width at 337 nm.
The laser power was attenuated to about 70% of the full power for optimum peak intensity. The ion accelerating voltage was set at 20 kV. The laser was focused onto the sample spot of about 30 µm diameter. Mass spectra were typically accumulated from 30 laser shots.
Results and Discussion
After maltoheptaose was reacted with succinic anhydride for 4 h, MALDI-TOF mass spectrometric analysis was carried out with a portion of the analyte taken up from the reaction mixture. Figure 2a shows the MALDI-TOF MS spectrum obtained for 1 pmol of the partially succinated maltoheptaose derivative. Generally, the peaks due to pyridine and N,N-dimethylaminopyridine were observed at m/z 80 and 123, respectively, in the low molecular weight region. The signals due to the matrix used were observed at m/z 155 and 137. In the high molecular weight region of the spectrum in Fig. 2a , several peaks due to partially succinated derivatives of maltoheptaose appeared at m/z 2976, 3080 and 3175 with a same mass interval (∆m/z · = · 100), which was the mass difference expected for each additional succinate group. Among these peaks, the signal shown at m/z 3080 corresponded to the sodium adduct ion (calculated value, m/z 3077) of 54 ANALYTICAL SCIENCES JANUARY 1999, VOL. 15 M malto +Suc 19 . So we could diagnose the extent of the reaction using this method. Figure 2b shows the MALDI-TOF MS spectrum obtained for 1 pmol of the completely succinated maltoheptaose derivative after maltoheptaose reacted with succinic anhydride for 18 h. In order to increase the reaction rate, we used N,Ndimethylaminopyridine as a hypernucleophilic acylation catalyst. The peak due to the sodium adduction (calculated value, m/z 3477) of the completely succinated maltoheptaose, M malto +Suc 23 , was observed at m/z 3476. There was no noteworthy signal for the fragmented moiety. Thus we could detect the derivative of maltoheptaose with the signal-to-noise ratio, S/N=4, at 1 pmol level. Cyclic oligosaccharides like cyclodextrin needed a longer reaction time (about 24 h) for the complete persuccination than maltoheptaose. The slower reaction is probably due to the increased steric hindrance of the congested hydroxy groups in cyclic oligosaccharide than in maltoheptaose. Figures 3a and 3b show the MALDI-TOF MS spectra obtained for 1 pmol of persuccinated α-cyclodextrin derivatives after reaction for 4 and 24 h, respectively. Figure 3a shows the mass difference (∆m/z · = · 100) due to each additional succinate group. The signal at m/z 2396 corresponds to the sodium adduct ion (calculated value, m/z 2397) of the partially persuccinated derivative of α-cyclodextrin, M α-CD +Suc 14 . The peak of the sodium adduct (calculated value, m/z 2797) of completely persuccinated α-cyclodextrin, M α-CD +Suc 18 , appeared at m/z 2797 in Fig.  3b .
In order to check the applicability of this persuccination method to the analytes in the mixture of several kinds of oligosaccharides, we conducted the MALDI-TOF mass spectrometric analysis for a mixture of α-cyclodextrin, β-cyclodextrin, γ-cyclodextrin and maltoheptaose. The persuccination of oligosaccharide mixture was also completed in 24 h, as in the case of each pure oligosaccharide. Figure 4a shows the MALDI-TOF MS spectrum obtained for the analyte mixture which is composed of 1 pmol of each oligosaccharide. The signals of each sodium adduct ion (calculated value respectively, m/z 2797, 3259, 3477 and 3721) formed from the persuccinated derivatives of α-cyclodextrin, β-cyclodextrin, maltoheptaose and γ-cyclodextrin appeared at m/z 2796, 3259, 3477 and 3721, respectively, with similar peak intensity. The spectrum showed a satisfactory signal-to-noise ratio at 1 pmol level. This sensitivity is comparable to that for each pure oligosaccharide analyte. Furthermore with a signal-to-noise ratio, S/N=2, these derivatized oligosaccharides could be detected at 100 fmol level (Fig. 4b) . This sensitivity of persuccinated oligosaccharides is 10 our laboratory. A mixture of free oligosaccharides was detected at 10 nmol level with a similar signal-to-noise ratio, S/N=2, on the same mass spectrometer (Fig. 4c) . The sensitivity of persuccinated oligosaccharide is comparable with that of oligosaccharides derivatized by the reductive amination method. [14] [15] [16] But since no inorganic reagent such as sodium hydride or sodium cyanoborohydride is used in this persuccination reaction and solvent extraction and purification procedures are not necessary, this new method is very convenient and efficient for the highly sensitive detection (100 fmol level) of a variety of oligosaccharides including oligosaccharides, without a free hydroxy group at the glycosyl donor site.
